With the total life span of the human red cell averaging 120 days, about 0.8 per cent of the circulating erythrocytes disintegrate daily. Normal red cell destruction has been attributed to extra-and intracorpuscular factors (1, 2) ; until recently, little attention has been paid to the intrinsic processes of impaired function in normal red cells that may lead to possible disintegration. The metabolic energy of the red cell is predominantly derived from glycolytic mechanisms and is utilized to maintain transport and membrane functions and to prevent the auto-oxidation of hemoglobin (3). This investigation was designed to ascertain whether alterations in glycolysis and the activity of certain crucial enzymes concerned in the Embden-Meyerhof path occur with the in vivo aging of circulating red cells.
Centrifugation of blood aggregates young red cells (including reticulocytes) in the top layers of the packed red cell column (4, 5) . Examination of layers of centrifuged red cells after Fe59 administration reveals that, five to 15 days later, high radioactivity is incorporated in the top fraction, while at subsequent stages in the life span, the greatest radioactivity is present in the bottom layer (6, 7) . Fractionation of red cell samples on the basis of increasing density of the erythrocyte population with age has revealed decreases in content of water, solids and cations (4, 8) , lipids (7) and enzyme activity (5) with age.
Some chemical and enzyme activities of normal cells are lower than erythrocyte values from subjects during a reticulocyte response (9) (10) (11) (12) .
Examination of the rate of glucose disappearance, the activity of phosphohexose isomerase, aldolase and lactic apodehydrogenase and the concentration of phosphorylated intermediates of the Embden-Meyerhof path for red cell populations fractionated by differential centrifugation indicates a decrease in glycolytic and enzyme activity for old cell fractions. Energy-dependent cation transport systems also show some diminution.
MATERIALS AND METHODS
Heparinized blood from humans (normal and in response to hemorrhage) was collected in plastic or siliconed glass for centrifugation in blood cell separation tubes at 500 G for 15 minutes; the plasma was removed for respinning to obtain a cell-free preparation and the buffy coat completely removed from the constricted part of the tube. The red cells from the bottom bulb of the tube were suspended in isotonic saline (either buffered or containing dextran or 20 per cent bovine albumin) to make a 40 per cent suspension, and a portion, constituting the original red cells, retained for analysis. After standing for 10 minutes, the remainder of the suspension was spun at 100 G for 10 minutes, followed by 2,000 G for 45 minutes. Where necessary, the estimations detailed have been corrected for the intercellular fluid trapped between the packed cells at different levels in the centrifuged cell column by the Evans blue method (13) in a separate sample spun under identical conditions.
Aliquots of the original cells and the top, middle and bottom 10 per cent fractions of centrifuged cells were measured in calibrated and siliconed pipettes for:
a. Hematologic and chemical investigations. Red cell count (two to four hemocytometer chambers counted), reticulocyte count (per 2,000 red cells) and white cell count (14) ; hemoglobin-alkaline hemoglobin or cyanmethemoglobin method (15) ; specific gravity and dry weight of cells; and sodium, potassium, calcium and magnesium estimations by flame photometry (16, 17) .
b. Glycolysis and phosphorus compounds. The packed red cells were resuspended in plasma or isotonic buffered phosphate saline with added glucose to give a 40 per cent suspension. The fractions were incubated simultaneously at 37°C. in 25 ml. stoppered flasks in an air phase (a 5 per cent C02, 95 per cent 02 gas phase was used in some experiments) and shaken at 150 cycles per minute through a small amplitude. No hemolysis was found under these conditions. The "true" glucose content of the whole suspension was estimated at zero, one and four hours after incubation at 370 C., and the amount of glucose disappearing and lactic acid formed calculated from the one to four hour period. Glucose was estimated by the method of Somogyi and Nelson (15) (22), we could confirm that this ester was highly resistant to acid hydrolysis (23) .
c. Enzlyme assays (Figure 1 ). Red cell phosphohexose isomerase was measured from the degree of conversion of 0.002 M glucose-6-phosphate to fructose-6-phosphate in 30 minutes at pH 7.4 and 370 C., following the method of Bodansky (24) and expressed as units per gram hemoglobin. The effect of red cell phosphoglucomutase, phosphofructokinase and phosphatase on the substrate or endproduct is negligible. Aldolase was determined from the rate of conversion of fructose 1,6-diphosphate to glyceraldehyde-3-phosphate and dihydroxyacetone phosphate by the dinitrophenylhydrazine method of Sibley and Lehninger (25) . The unit of aldolase activity was expressed in terms of the formation of 1 mg. alkali-labile phosphorus per Gm. hemoglobin per minute, or using glyceraldehyde as a secondary triose standard for correction and calibration, in terms of triose phosphate chromogen (26) .
Red cell lactic apodehydrogenase was determined from the formation of diphosphopyridine nucleotide from reduced diphosphopyridine nucleotide (DPNH) during the conversion of pyruvate to lactate. The method of Blanchaer and Baldwin (27) progressive decrease in glycolytic rate from the top to the bottom layer zone (Table III) . For the cases with reticulocytosis, the increased rate of glycolysis in the top fractions was accentuated. The glycolytic rate of the reticulocyte would appear to be approximately eight times that of old cell populations from the bottom centrifuged fraction and five times that of the average whole cell population. The greater rate of glycolysis in red cells from the top layers was not solely due to the aggregation of reticulocytes in these fractions, since the glycolytic rate was higher in the four to sixtenths and six to eight-tenths fractions compared with the eight-tenths to one fraction layers where the reticulocyte was extremely scanty. The aging of red cells with progressive decrement in glycolytic activity was further indicated by the following experiment. Red cells from the original suspension and the top, middle and bottom 10 per cent fractional parts of blood samples with a reticulocytosis were incubated for 24 hours at 370 C. with estimation of the glycolytic rate at the beginning and end of the incubation period. Probably due to in vitro deterioration, there was a relative decrease in glycolytic rates of all fractions at the termination of incubation (Table IV) . However, the high glycolytic rate of the top fraction after 24 hours' incubation was noteworthy, since the reticulocytes had virtually disappeared from all fractions owing to maturation. Seip (31) concludes that two-thirds to three-fourths of circulating reticulocytes lose their reticulum in 30 hours. The supposition is that the decrease in glycolytic activity progressed with aging of the red cells.
The production of lactate was approximately equivalent to the amount of glucose degraded in bottom fraction cells. The lower percentage conversion of glucose to lactate in the top fraction of the cell column suggested divergence of glycolytic intermediates into other metabolic paths in young cells (see Discussion). The final pH of the suspension was 0.1 to 0.3 pH units lower at the end of incubation, depending on the degree of glycolytic activity, and was higher for the air than the 5 per cent CO2, 95 per cent 02 gas phase. Longer periods of incubation, despite the provision of additional buffer in the suspension systems, produced decreases of 0.5 to 0.8 pH units with some inhibition of glycolysis.
In a further series of experiments, top and bottom fraction cells were incubated in various media (Table V) . Suspension of cell fractions, in solutions containing fructose, mannose or galactose instead of glucose and incubated at 370 C., resulted in entry of these sugars into red cells as judged by their decreasing concentration in the external medium and their metabolism as evidenced by acid production. Sugar degradation was greater in the top fraction independent of the suspending medium and greater lactic acid formation occurred in the suspension from the top portion. Fructolysis and formation of acid was marked (Figure 1) , the total loss of ATP from the system was represented by the combined ATP and 2:3 DPG decrease. For top fraction cells, the loss was nearly twice that for the bottom fraction, indicative of the greater inherent metabolic activity of upper layer erythrocytes. The difference between the mean decrease in five experiments of 2: 3 DPG (and total ATP loss) was highly significant, exceeding six times the standard error of the difference.
The degradation of the phosphate esters and the formation of lactic acid decreased progressively with continued incubation, the hourly rate of change for six hours' incubation being about 60 per cent of that calculated for the three hour period. With longer periods of incubation, increasing rate of disappearance of easily hydrolyzable phosphate with rise in inorganic phosphate heralded the onset of hemolysis.
Apart from small amounts of hexose and pentose phosphates in the red cell, the 2: 3 DPG provided the major source of energy (equivalent to 50 to 70 per cent of the lactic acid formed) in the absence of glucose or other metabolizable sugar in the external medium. Some accumulation of pyruvate occurred in cells derived from the bot- tom layer of the centrifuged column (Table VII) . Since pyruvate accumulation was not found in the same red cell fractions in the presence of glucose, it was postulated that the decrease of conversion of glyceraldehyde 3-phosphate to 2: 3 DPG in glucose-free media created a diminution in the formation of DPNH and a relative deficiency of DPNH (coenzyme) for lactic apodehydrogenase conversion of pyruvate to lactate (Figure 1 
Spinning the cell aliquots and resuspension in solutions containing adenosine (or inosine) for incubation at 370 C. led to a regeneration of the ATP (easily hydrolyzable phosphate) and 2:3 DPG; the former reached nearly original values in 30 minutes and the latter by 120 minutes, with the upper fraction cells having higher concentrations than bottom cells. Resuspension in glucoseinorganic phosphate buffer resulted in a slower and less complete resynthesis of these phosphate esters.
The enzyme activities of phosphohexose isomerase and aldolase showed a progressive decrease from young (top fraction) to old (bottom fraction) red cell populations. Values for different studies are collected in Table VIII and indicate that the top fraction of cells from normal blood had an enzyme activity some 80 per cent greater than bottom fraction cells. On this basis, the reticulocyte phosphohexose isomerase and aldolase activity was several times that of the general cell population. Fractional parts, incubated at 370 C. for 24 hours and reanalyzed, showed some 20 per cent decrease in enzyme activity. However, while few reticulocytes could be detected in the top fraction (having undergone maturation), the enzyme activity of this portion was still greater than that for the other layers, indicating the progressive nature of the loss of activity for these enzymes with aging of the red cells.
Lactic apodehydrogenase activity, on the other hand, showed little difference between the various IX. The top fraction (reticulocytes and young fractional parts from the same blood sample. mature erythrocytes) had a higher potassium and In five cases of reticulocytosis examined during lower sodium than cells from the bottom fraction. the episode and subsequently, the glycolytic rates The concentrations so obtained represented the and enzyme activity (phosphohexose isomerase cation steady state of the fraction of red cells anaand aldolase) of the isolated top fraction of cells lyzed, so that the transport of cations into and out had decreased considerably from the values dur-of red cells was decreased in the more mature cells. ing the reticulocytosis, as had the degree of reticu-The potassium and sodium contents, considered locytosis (Table VIII) .
however in terms of concentrations in cell water, indicated that there was no change in osmotic The mature red cell loses metabolic properties possessed by reticulocytes, viz., ability to incorporate glycine (38) and protoporphyrin (39) into heme; respiration due to mitochondria (4) and the enzymes of the tricarboxylic acid cycle (40) ; and the presence of ribosenucleic acid with the synthesis of stromal proteins (41, 42) . Hence the mature erythrocyte would appear to lack the capability of oxidative processes and synthesis of enzymes after the reticulocyte stage.
The metabolic energy of erythrocytes is derived solely from the utilization of sugar, whether glucose, fructose, mannose or ribose from adenosine and other purine ribosides. Glucose 
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The conversion of glucose to lactate was near the theoretical equivalent in bottom fraction cells, indicating that the degradation of glucose in the aged cell followed the Embden-Meyerhof route of anaerobic glycolysis. The lesser degree of conversion to lactate for top fraction cells may be attributed to two processes: a) Glucose metabolism is partly deviated via the. oxidative pentose phosphate path (43) before re-entering the anaerobic glycolytic sequence (Figure 1) . By this route, 3 Moles glucose will be degraded to 5 instead of 6 Moles pyruvate formed via the complete Embden-Meyerhof path. Using glucose-1-C14 and glucose-6-C14, the proportion of glucose that is catabolized directly to lactate-C14 and the fraction that is first shunted via the oxidative pentose phosphate route (C1402) before re-entering the glycolytic path can be ascertained. Murphy (44) calculated that 10 to 20 per cent of glucose metabolized by human red cells followed the oxidative pathway. Since the glucose-6-phosphate dehydrogenase and 6-phosphogluconic dehydrogenase activity of the most resistant (youngest) to the least resistant (oldest) cells to osmotic lysis ranged from 230 to 20 per cent and 165 to 80 per cent of the whole cell population, respectively (5), and methylene-blue treated top layer cells produced one-third more 02 than bottom fraction cells (45) (1, 42) .
The different rates of glycolysis in fractional levels of the red cell column, together with glycolytic rates during the maturation of reticulocytes (Table IV) , are suggestive evidence of the progressive biochemical maturity of circulating red cells from reticulocytes through young mature to the aged erythrocyte.
The concentration of the two high energy phosphate esters, viz., 2: 3 DPG and ATP, in the red cell decreased in the older age fractions of red cells. This is in agreement with the work of Hofmann and Rapoport (46) who found that rabbit reticulocytes had two to three times the ATP content of the average circulating erythrocyte. The human red cell contains a considerable store of 2: 3 DPG with a high energy content (AF, 16 ,000 calories). Through conversion to pyruvate, 2: 3 DPG is available to generate the formation of ATP required to prime the hexokinase reaction in the initial phosphorylation of glucose. Without a high level of ATP present for this reaction, the subsequent steps leading to the net synthesis of ATP in the overall glycolytic process cannot proceed. The inherently greater metabolic activity of top fraction cells was evidenced by the greater disappearance of these phosphate esters during incubation without glucose. Subsequent addition of glucose and inorganic phosphate or adenosine (or inosine) led to a more rapid resynthesis of phosphate esters and restoration of glycolytic activity in top fraction cells.
Control of the amounts of glucose degraded must depend ultimately on the levels of enzyme activity in the reactions concerned. Since no alteration in lactic apodehydrogenase activity was found, confirming the results of Marks, Johnson and Hirschberg (5) and Rubinstein, Ottolenghi and Denstedt (40) , and the amounts of red cell pyruvate were small (0.5 uMole per Gm. hemoglobin), no defect in the conversion of pyruvate to lactate was found. While the concentration of phosphohexose isomerase and aldolase decreased from the top to the bottom strata of red cells, consideration must be given to the possibility that the concentrations of these enzymes were in such excess that they were not rate-limiting. Marks Thus the preliminary step in phosphorylation may be the rate-limiting step for overall glycolysis. The requirement of ATP to prime the initial stage of glycolysis may also play a part in the limitation of glycolysis. High concentrations of ATP are required in the hexokinase reaction and these were found to be diminished in the bottom (old) fraction of centrifuged cells.
The supply of a metabolizable sugar is essential to the energy requirement of active cation transport (3, (50) (51) (52) . Metabolic inhibitors acting at various stages of the pathway of glucose catabolism inhibit active cation transport in varying degree (50) . The top fraction (young) human red cells maintained a steady state with higher cell potassium and lower sodium than bottom fraction cells; this may relate to the greater energy supply of the reticulocytes and young mature erythrocytes in the former component.
During refrigeration the greater glycolysis and cation transport of top fraction cells overrode the higher diffusion gradients of potassium or sodium for these cells, and thus the decrease of red cell potassium of top fraction cells was less than for lower strata cells. Incubation of refrigerated cells led to a more rapid rate of glycolysis and more active accumulation of potassium and extrusion of sodium for top fraction cells. While the turnover of potassium and sodium in the red cell is best studied with isotopic tracers, these were not available at the time of the experiments. The data presented were for gross movements under conditions of red cell cation content not met with in vivo and, as such, gave only limited information.
The energy of glycolysis, stored as ATP, is coupled to reactions that maintain active cation transport and the integrity of membrane structure necessary for cell survival. Anaerobic glycolysis yields 2 Moles ATP, with a free energy value in tissues of 22,000 to 24,000 calories, for every Mole glucose metabolized (53 (55, 56) .
The disappearance of normal cells from circulation is a linear process (57) and indicative of an intrinsic process of cell breakdown (1) . During aging of the red cell, there is a diminution in cell volume, associated with decreases in water, electrolyte and dry solid (except hemoglobin) content (28) . Prankerd (7) has reported a lower lipid content of bottom (old) cells compared with the top layer. The alteration in cation and water content may be a reflection of changes thus produced in the passive diffusion and active transport capacity of the lipoprotein membrane. While changes in the lipoprotein surface structure may be due to the buffeting received by red cells in circulation, aged red cells are reported to incorporate less saturated and unsaturated fatty acids from labeled acetate or glucose (58 
